Abstract
Introduction
Gait abnormalities are common in children with cerebral palsy (CP) and are generally caused by an abnormal muscle tone, loss of motor control and balance problems due to a non-progressive lesion of the developing brain [1] . Following the natural progression of skeletal and muscle growth in CP, these children often develop secondary abnormalities, resulting in further deterioration of their walking pattern [1, 2] .
The assessment and treatment of gait abnormalities in children with CP are challenging. Several complementary interventions are often used to develop the most optimal and energy efficient gait pattern in these children. These interventions range from physical and occupational therapy, neurosurgical and pharmacological interventions to reduce hypertonia and orthopedic interventions aiming to restore anatomical structures and musculoskeletal conditions [3] .
As a multi-level approach has proven to be the most effective treatment option, it is not surprising that within orthopedics, single-event multilevel orthopedic surgery (SEMLS) is the preferred method to treat musculoskeletal deformities in children with CP [3, 4] . SEMLS is defined as corrections of soft tissue and/or bony deformities at a minimum of two anatomical levels, during a single operative event. The advantage of a SEMLS procedure, in contrast to multiple series of interventions, is that only one hospital admission and recovery period are needed for multiple interventions Recently, McGinley et al. [4] conducted a systematic review that aimed to determine which outcomes measures are frequently used to assess the effectiveness of SEMLS in children with CP. The finding of this study showed that 3-dimensional gait analysis (3DGA), and more specifically kinematic and temporal-distance parameters, are most commonly used to assess the effectiveness of SEMLS interventions. However, this review did not provide an overview of changes in 3DGA parameters after SEMLS interventions in children with spastic CP.
Providing an overview of which changes in gait parameters can be expected after SEMLS, is of great value for clinicians and researchers. Unfortunately, and due to the variety of SEMLS interventions with different focus areas and specific CP populations, it is impossible to perform a meta-analyses of the literature. However, a systematic review of SEMLS studies and their effect on 3DGA parameters in children with CP will result in an overview of gait changes that have been reported after different types of SEMLS techniques. A systematic review of these SEMLS outcome studies can provide valuable insight for clinicians, can assist in preoperative discussion with parents and form a platform to potentially further improve SEMLS techniques Therefore the aim of this study is to provide a systematic overview of which soft tissue and bony interventions have been performed as part of SEMLS intervention in children with CP, with a special focus on the post-operative changes in 3DGA kinematic and temporal-distance parameters.
Methods

Database sources and search
A systematic review was conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [5] . A comprehensive literature search of six computerized bibliographic databases accessed through the Stellenbosch University library services was conducted. These databases include Medline, Cochrane Library, Canal, Proquest, Science Direct and Scopus. Specific search strategies were tailored for each database, using MeSH terms and/or single concepts, their synonyms as well as combining Boolean operators where available. The following key search terms were used: ("cerebral palsy" AND "gait") AND ("orthopaedic surgery" OR "orthopedic surgery" OR "orthopaedics" OR "orthopedics" OR "surgery"). The searches were limited to humans only, articles written in English and published between January 1985 and December 2015.
Selection of papers
Articles were evaluated for eligibility based on the title and abstract. After the initial identification and screening, full-text articles were reviewed and independently assessed against the inclusion/exclusion criteria by two reviewers (NL and MB). Articles were selected when fulfilling the following criteria: 1) Study the effects of SEMLS on gait assessed by 3DGA; 2) Cohort consisted of ambulant children and adolescents diagnosed with spastic CP; 3) Only SEMLS interventions performed (e.g. not combined with botulinum toxin injections 6 months prior to surgery); 4) Detailed description of orthopedic procedures; 5) Reported number of operated sides; 6) 3DGA conducted before and after SEMLS interventions; 7) Mean follow-up time of at least 12 months; and 8) Include at least three temporal-distance and/or kinematic parameters.
Quality assessment
Two reviewers (NL and MB) graded the level of evidence of the selected articles by using the Oxford Centre for Evidence-Based Medicine Scale [6] and completed the quality appraisal with Methodological Index for Non-Randomized Studies (MINORS) [7] . The MINORS tool consists of a checklist ofeight items specifically designed for non-comparative studies and four additional items for use within comparative studies. Items on the MINORS tool are scored as 0 (not reported), 1 (reported but inadequate) and 2 (reported and adequate), resulting in a total score of 16 for non-comparative studies and 24 for comparative studies. Each study was independently reviewed by two authors (NL and MB), after which the scores were compared and decided on final scores during a consensus meeting.
Data synthesis and analysis
Two reviewers (NL and RL) extracted the demographic and SEMLS background information, as well as the pre-and post-operative temporal-distance and kinematic parameter data. Temporal-distance and kinematic gait parameters were included if they were used in at least 7 different studies. In addition, reference norm values from typical developing children were extracted where possible. Significant changes were defined as 'improved' , a significant change getting closer to the reference norm values, or as 'deteriorated' , a significant change moving away from the reference norm values. An experienced pediatric orthopedic surgeon (JDT) reviewed the selected articles with regards to data on surgical interventions performed, while a fourth reviewer (MB) verified all extracted information.
Results
Database sources, search and quality assessment
The electronic databases search produced 648 initial references of which 24 articles met the inclusion criteria (Fig 1) . Thirteen of the 24 articles reported on multiple follow-up assessments or different study cohorts [8, 11, 13, 14, 16, 17, 21, 23, 24, 26, 27, 30, 31] , resulting in 50 different studies included in this systematic review.
All the articles were graded as OXFORD [6] level III studies, except for the study by Dreher et al. [23] , who conducted a randomized control trial (RCT), which was graded as a level II. The MINORS scores [7] for the methodological quality appraisal of the articles are presented in Table 1 . Eighteen of the 24 included articles were non-comparative prospective or retrospective cohort studies with an average MINORS score of 9.8 (range 5-13). The remaining 6 articles compared different interventions between groups, with an average MINORS score of 15.7 (range [15] [16] [17] . Although all comparative studies used strict selection criteria, only two of these studies used factors to match their comparative groups. Thompson et al. [31] matched the groups based on GMFCS levels (Level I-III), while Dreher et al. [30] used primary (knee flexion and ankle dorsiflexion in stance) and secondary (pelvic tilt, hip flexion, age at surgery, body mass index (BMI), Gillette Gait Index (GGI) and GMFCS level) factors to match their two interventions groups.
Studies, focus areas, SEMLS characteristics and participants Table 1 provides an overview of the 50 studies conducted within the 24 selected articles. All articles were published by a range of international research groups based in different countries (Austria (n = 7) [10] [11] [12] 14, 18, 26, 28] , USA (n = 5) [16, 17, 19, 20, 22] , Australia (n = 2) [15, 21] , Germany (n = 7) [8, 13, 23, 24, 27, 29, 30] , Switzerland (n = 1) [9] , France (n = 1) [25] and the United Kingdom (n = 1) [31] ). The focus area of the SEMLS intervention ranged from General multi-level surgeries, Lever arm dysfunction, Multi-level tendon surgeries, Gait pattern to Operative techniques, which resulted in a variety of type of interventions as part of the SEMLS as presented in Table 1 .
The sample size of the different study cohorts ranged from 8 to 45 children (14-82 operated sides) with a mean age between 8 and 13 years. Except for one article [20] , all authors classified the type of CP of their participants. Seventeen articles studied the effects of SEMLS in children with spastic diplegia [8] [9] [10] [11] [12] [13] 18, 21, [23] [24] [25] [26] [27] [28] [29] [30] [31] , one article focused on children with hemiplegia [15] , while one article compared diplegia with hemiplegia [14] . In addition, four articles studied children with unilateral and/or bilateral type of CP [16, 17, 19, 22] . An overview of the specific inclusion and exclusion criteria, as well as information about the 3DGA are presented in Table 2 . The mean follow-up time after SEMLS intervention ranged from 1.0 to 9.1 years as shown in Tables 3-7 . Table 2 provides an overview of the 3DGA data collection protocols per article. All articles, except for the article of Steinwender et al. [18] , described that the children were asked to walk at a self-selected speed. With regards to their footwear, ten articles (42%) reported that the children walked barefoot, while this was not reported in the other articles. The distance of the walkways ranged between 7 to 15 meters and generally 3 to 5 trials were used for data analyses.
Gait analysis
In total 19 gait parameters were identified within the systematic review, namely three temporal-distance parameters (Table 3) , thirteen sagittal plane parameters (Tables 4 and 5 ) as well as three transverse plane parameters (Table 7) . Normalized temporal-distance parameters, frontal plane kinematic parameters and overall gait pattern score such as the Gait Deviation Index (GDI) [32] could unfortunately not be included due to a limited number of articles that had reported on these parameters. 
General multilevel
Dreher et al. [8] D; ambulant; flexed knee gait History of orthopedic surgery; dyskinetic CP; B-T-A last 6 months; severe mental retardation.
Selfselected
Rutz et al. [9] D; age: 6-18 years; GMFCS Level I, II, III B-T-A in last 6 months; dystonic or mixed movement disorder.
!6
Saraph et al. [10] D; ambulant; good vision; no walking aid; comprehend instructions History of orthopedic surgery.
Self Cruz et al. [22] CP; ambulant; rectus femoris intramuscular lengthening.
Not described. Temporal-distance parameters Seventeen articles (32 studies) reported cadence, stride length and walking velocity before and after SEMLS intervention (Table 3 ). In addition, 4 articles also reported reference norm values [14, 16, 19, 22] , which ranged from 118-130 steps per minute (steps/min) for cadence, 111-134 centimetre (cm) for stride length and 119-138 centimetre per second (cm/sec) for walking velocity. After SEMLS intervention, 46% of the studies showed a significant change in stride length [8, [10] [11] [12] 14, [18] [19] [20] 24, 29] , while 39% of the studies showed a significant change in cadence [8, 10, 11, 18, 19, 24, 27, 29] . This resulted in a change in the walking velocity in 31% of the studies [8, [10] [11] [12] 14, 27] .
Selfselected
Kinematic sagittal plane parameters
Pelvic range of motion (ROM) and mean pelvic tilt were the most commonly used pelvic parameters as reported in 12 articles (24 studies) ( Table 4) . Four articles [10, 16, 19, 31] reported reference norm values for pelvic ROM (1-5°) and mean pelvic tilt (10-14°). After the SEMLS intervention, a change in pelvic ROM was found in 50% of the studies [10, 12, 19, 29] , while 24% of the studies [10, 21, 30] reported a significant change in mean pelvic tilt.
Hip ROM, minimum hip flexion in stance and, maximum hip flexion in swing phase were reported in 11 articles (19 studies) ( Table 4) . Four studies [10, 19, 21, 31] reported reference norm values for hip ROM (47-50°), minimum flexion in stance (-14 --8°) and maximum flexion in swing (36-39°). Hip ROM significantly changed in 22% of the studies [10, 14] , while minimum hip flexion in stance changed in 16% of the studies [11, 20, 29] and maximum flexion in swing changed in 18% of the studies [11, 14] after the SEMLS intervention. Knee ROM, knee flexion at initial contact (IC), minimum knee flexion in stance and maximum knee flexion were reported in 19 articles (40 studies) ( Table 5 ). Six articles reported Effect of SEMLS on Gait in Pediatric Spastic CP Table 4 . Changes in sagittal plane of the pelvis and hip kinematic data after SEMLS. Data expressed mean (standard deviation) and mean change. Effect of SEMLS on Gait in Pediatric Spastic CP Table 5 . Changes in sagittal plane of the knee kinematic data after SEMLS. Data expressed mean (standard deviation) and mean change. 9 (14) 4 (10) -5 60 (12) 58 (7) -2
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Dreher et al. [30] 1.3 CBM 9 (18) 14 (8 [10, 16, 19, 21, 22, 31] , reported reference norm values for knee ROM (58-63°), knee flexion at IC (2-9°), minimum knee flexion in stance (2-5°) and maximum knee flexion in swing (57-66°), while peak knee flexion generally was seen at 71-72% of a step cycle. Knee ROM changes were found in 81% of the studies [10, 11, 14, [23] [24] [25] [26] [29] [30] [31] , while knee extension at IC changed in all studies (100%) [8, 10, 12, [14] [15] [16] [19] [20] [21] [22] [23] [24] 26, [28] [29] [30] [31] and in 80% of the studies during stance phase [8, [10] [11] [12] 14, 20, 21, 23, 24, 26, [29] [30] [31] . In addition, Peak knee flexion during the swing phase changed in 53% of the studies [14] [15] [16] 20, [23] [24] [25] 29, 30] , while the timing of the peak knee flexion changes in 53% of the studies [19, [22] [23] [24] [25] 31] , after the SEMLS intervention Ankle dorsiflexion at IC, maximum dorsiflexion in stance and maximum dorsiflexion in the swing phase were reported in 15 articles (29 studies) ( Table 6 ). Five articles [10, 16, 19, 21, 31] reported reference norm values for dorsiflexion at IC (-1-5°), maximum dorsiflexion in stance (10-15°) and maximum dorsiflexion in the swing phase (2-10°). After the SEMLS intervention, 81% of the studies [10] [11] [12] 14, 15, 19, 21, [26] [27] [28] reported a change in ankle dorsiflexion at IC, while 83% of the studies [11, 15, 16, [19] [20] [21] 26, 27, 30, 31] reported an change in maximum dorsiflexion angle during stance. Maximum dorsiflexion angle during swing phase changed in 94% of the studies [10] [11] [12] 14, 15, 19, 27, 28, 31] Kinematic transverse plane parameters Kinematics in the transverse plane, which included mean pelvic rotation, mean hip rotation and foot progression angles, were reported in 8 articles (14 studies) ( Table 7) . Four articles reported reference norm values for mean pelvic rotation (-2 − 5°), mean hip rotation (-5 − 4°) and foot progression (-12 − -4°). After the SEMLS intervention, internal and external rotation of the pelvis changed in 36% of the studies [14, 15, 17, 31] , while a change in internal and Effect of SEMLS on Gait in Pediatric Spastic CP external rotation for the hip were found in 85% of the studies [13] [14] [15] [16] [17] 31] . Foot progression changed significantly in all studies (100%) [9, [13] [14] [15] [16] [17] 20, 31] .
Discussion
This is the first systematic review that provides an overview of the different SEMLS interventions within different SEMLS focus areas in children with spastic CP and, their effects on 3DGA gait parameters. For this 510 articles were screened of which 24 articles met the strict inclusion criteria for this systematic review (see section 2.2 and Fig 1) . As some articles contained more than one follow-up study and/or population group, 50 different SEMLS studies were included for review ( Table 2 ). The studies were based on ambulatory patients with CP (GMFCS level I-III), with a great emphasis on children with spastic diplegia (88% of the studies), and into a lesser extend hemiplegia (21%), quadriplegia (13%) or included all types (8%). In total 19 commonly used gait parameters were identified, specifically three temporal-distance parameters (Table 3) , thirteen sagittal plane parameters (Tables 4, 5 and 6) and three transverse plane parameters (Table 7) . Improvements, defined as significant changes getting closer to the reference norm values, were reported for stride length (46% of the studies [10] [11] [12] 14, [18] [19] [20] 24, 27] ), pelvic ROM (50% [10, 12, 19, 29] ), hip ROM (22% [10, 14] ), minimal hip flexion in stance (16% [11, 20, 29] ), knee ROM (81% [10, 11, 14, [23] [24] [25] [26] [29] [30] [31] ), knee flexion at IC (100% [8, 10, 12, [14] [15] [16] [19] [20] [21] [22] [23] [24] 26, [28] [29] [30] [31] ), minimal knee flexion in stance (80% [8, [10] [11] [12] 14, 20, 21, 23, 24, 26, [29] [30] [31] ), timing of peak knee flexion (53% [14] [15] [16] 20, [23] [24] [25] 29, 30] ), dorsiflexion at IC (81% [10] [11] [12] 14, 15, 19, 21, [26] [27] [28] ), maximum dorsiflexion in swing (94% [10] [11] [12] 14, 15, 19, 27, 28, 31] ), mean pelvic rotation (36% [14, 15, 17, 31] ) and mean hip rotation (85% [13] [14] [15] [16] [17] 31] ).
Mixed results of the SEMLS interventions were found for cadence (18% improvements [10, 11, 18, 19] , 21% deterioration [24, 27, 29] ), velocity (24% improvements [10] [11] [12] 14, 27] , 7% deterioration [27] )), maximum hip flexion in swing phase (9% improvements [11] , 9% deterioration [14] ), maximum knee flexion in swing phase (14% improvements [15, 24, 25] , 39% deterioration [14, 16, 20, 23, 24, 29, 30] ), maximum ankle dorsiflexion in stance (79% improvements [11, 15, 16, 19, 21, 26, 27, 30] , 4% deterioration [20] ), and mean foot progression (92% improvement [9, 13, [15] [16] [17] 20, 31] , 8% deterioration [17] ). Deterioration was reported for mean pelvic tilt parameter in 24% of the studies [10, 21, 30] .
The focus areas of the SEMLS interventions varied substantially between the 24 articles and ranged from a general focus [8] [9] [10] [11] [12] to more specific focus such as a lever-arm dysfunction [13] [14] [15] [16] [17] , multi-tendon lengthening (MTL) [18] [19] [20] , specific gait patterns [21] [22] [23] [24] [25] , and different operative techniques focus [26] [27] [28] [29] [30] [31] . The effect of these SEMLS interventions, within each focus area, on 3DGA parameters are discussed below.
General SEMLS interventions
With the aim to increase joint mobility (ROM), gait posture and muscle control, general SEMLS interventions included frequently psoas recessions [10] [11] [12] , medial hamstring lengthening [8] [9] [10] [11] [12] and rectus femoris transfer [8, [10] [11] [12] interventions.
Follow-up studies showed good results with these techniques resulting in improved pelvic [10, 12] , hip [10] , and knee [10, 11] ROM. In addition Saraph et al. [11] also reported an improvement in hip extension in stance, although this finding has not been found by others. Improvement in knee extension in stance is more commonly reported, with positive results from one to eight years post-operatively [8, [10] [11] [12] . In line with this, good improvements have also been reported for dorsiflexion at IC and in the stance and swing phase, up to three years post-operatively [10] [11] [12] . This type of general SEMLS intervention therefore mainly seem to improve gait kinematics at a knee and ankle level, which is likely to also result in a better a weight acceptance and foot clearance during a gait cycle. This is supported by the work of Austrian research group [10] [11] [12] , who also reported significant improvements in stride lengths and walking velocity after this type of general SEMLS interventions.
SEMLS to improve lever-arm dysfunction
The main aims of lever-arm dysfunction SEMLS interventions are to improve gait patterns through a more neutral pelvic and hip alignment and external foot progression. Since leverarm dysfunction is related to torsional deformities [1] , the main effects of this type of interventions can be expected in the transverse plane. As hemiplegic CP children have substantially more internal pelvic rotation on the affected side (pelvic retraction) [14, 15] than children with spastic diplegia [13, 14] , better results of this lever-arm dysfunction SEMLS intervention are found in hemiplegic CP children. With regards to hip rotation and foot progression angles each lever-arm dysfunction SEMLS interventions study [13] [14] [15] [16] [17] showed significant post-operative improvements, except for one study [17] . In this study, where no FDO was performed, no improvement was found for these parameters. Although, one should not over-interpret this finding, this result suggests that the role of a FDO within a lever-arm dysfunction SEMLS intervention might be important.
In addition to the transverse plane, three of the five lever-arm dysfunction studies [14] [15] [16] , also reported on changes in sagittal plane gait parameters. Significant improvements after the lever-arm dysfunction SEMLS interventions were found in kinematic data of the knee and ankle [14] [15] [16] , while no changes were found in pelvic gait parameters [14] [15] [16] and only Saraph et al. [14] found improved hip mobility in children with spastic diplegia post-operatively after a lever-arm dysfunction SEMLS intervention.
Multi-tendon lengthening interventions
Three research groups [18] [19] [20] studied the outcomes of SEMLS utilizing only multi-tendon lengthening (MTL) interventions. Adolfsen et al. [19] and Bernthal et al. [20] reported significant improvements in certain knee and ankle kinematics. Adolfsen et al. [19] reported significant improvements in the timing of peak knee flexion after rectus femoris transfers, while Bernthal et al. [20] , who did not include this transfer as part of the MTL SEMLS, did not report this change. Interestingly both studies showed significant improvements in stride lengths, while no change in walking speed was found [19, 20] .
Bernthal et al. [20] and Steinwender et al. [18] also reported on changes in the transverse plane. Bernthal et al. [20] found significant improvements in foot progression, one year after MTL SEMLS interventions. As Steinwender et al. [18] used less common gait parameters within their study, these parameters were not included in Table 7 . However it is interesting to mention that Steinwender et al. [18] reported significant improvements in mean hip transverse plane angles at different phases of the gait cycle (double support, single support, second double support and swing phase), while pelvic transverse plane parameters pre-operatively fell within ranges of reference norm values [14, 17, 31] and did not change after the MTL SEMLS intervention [18, 20] 
SEMLS to improve gait patterns
Five studies [21] [22] [23] [24] [25] performed SEMLS with the specific objective to treat gait patterns in children with CP, such as crouch gait, stiff knee gait and jump knee gait.
The aim of Rodda et al. 's [21] study was to correct severe crouch gait with specific SEMLS interventions. Although significant improvements were found in the knee and ankle angles during the stance phase, no changes were found in excessive hip flexion angle after the SEMLS intervention. In addition, an increased mean anterior pelvic tilt angle was found one and five years post-operatively. This deterioration can possibly be explained by the relatively low amount of psoas procedures and high amount of hamstring procedures [21] .
Stiff-knee gait, which is characterized by reduced knee ROM in the sagittal plane were specifically targeted with a SEMLS intervention by Cruz et al. [22] and Presedo et al. [25] , which included rectus femoris recessions as part of the SEMLS. Cruz et al. [22] and Presedo et al. [25] both found improvements in the timing of the peak knee flexion, while Presedo et al. [25] also found improvements in knee ROM and peak knee flexion during swing after the SEMLS intervention.
Dreher et al. [23, 24] studied the effects of a SEMLS intervention without and with rectus femoris or prophylactic rectus femoris transfer in children with CP to improve their gait. Dreher et al. found significant improvements in peak knee flexion in all three groups post operatively, while knee ROM and knee flexion also improved in the rectus femoris transfer groups and peak knee flexion deteriorated in the group without rectus femoris transfer [23, 24] . One to eight years post operatively the prophylactic rectus femoris transfer patients showed an improved knee ROM with no change in the timing of knee flexion and a deteriorated peak knee flexion during swing phase [23] .
Adolfsen et al. [19] studied the effect of specific gait SEMLS interventions on children with an excessive crouch knee gait and jump knee gait. The SEMLS intervention included a rectus femoris transfer, a medial hamstring lengthening and calf muscle lengthening (85% aponeurotic Gastrocnemius lengthening and 15% tendon Achilles lengthening). Although no changes were found in knee ROM and peak knee flexion during swing, significant improvement were found in knee flexion at IC as well as the timing of peak knee flexion [19] .
SEMLS and operative techniques
Seven studies [26] [27] [28] [29] [30] [31] focused on a specific operation technique as part of the SEMLS intervention, such as the Baumann procedure, conversion of bi-articular muscle groups and the use of minimal invasive techniques.
The studies by Svehlík et al. [26] , Dreher et al. [27] and Saraph et al. [28] all focused on using the Baumann procedure as part of their SEMLS intervention. Short and long-term improvement in knee [26, 28] and ankle [26] [27] [28] position at IC and dorsiflexion during stance and swing [26] [27] [28] were found after the intervention. These significant changes lead to better weight bearing and foot clearing characteristics, resulting in improvements in stride length and walking velocity [27] .
Metaxiotis et al. [29] and Dreher et al. [30] performed SEMLS interventions which were focused on converting bi-articular muscle groups to mono-articular muscle groups. Three years post-operatively, Metaxiotis et al. [29] reported improved pelvic and knee ROM and hip and knee extensions, which resulted in a reduced crouch gait. In support of this method, Dreher et al. [30] reported similar findings but without significant improvements in hip extension.
Thompson et al. [31] studied the difference between conventional SEMLS techniques and minimally invasive SELMS techniques. The minimally invasive SEMLS technique used derotation osteotomies using closed corticotomy and fixation with titanium elastic nails and percutaneous lengthening of muscles where possible. Although operation time, blood loss and time to mobility were significantly less in the minimally invasive group, similar improvements in gait kinematics were found [31] .
Considerations and limitations
Although this systematic review provides a good overview of which gait changes can be expected after a certain type of SEMLS intervention in children with spastic CP, the data need to be interpreted within the available literature and its detail. This review is based on 24 articles with limited demographic information and varying heterogeneity within the study cohorts. This limitation did not allow stratifying for age or functional level of the subjects, what could have provided interesting information. In addition, the wide variety of surgical techniques and range in patient populations made it impossible to conduct a meta-analysis with drawing clear overall conclusions. Although this is admirable in the future, the differences in surgical preference and approach by different surgeons around the world might prevent this. It also needs to be mentioned that only one study could be classified as an OXFORD level II [23] , while most studies were classified as an OXFORD level III, with only two studies [30, 31] wherein the comparative groups were matched with control factors.
Therefore, this systematic review should be seen as an overview paper providing a framework for clinical discussions and research, and a summary of results that can be used by clinicians to enhance the communication with parents when considering SEMLS in their child. However, we want to emphasize that the outcomes of the studies can't be generalised. Each child with CP and his/her situation is different and the influence of a variety of confounding factors has to be kept in mind when interpreting research studies. For example, the psychological and social well-being of the child and their families, rehabilitation procedures offered and financial situations (difference in low-, middle-, and high-income countries) will influence the external validity of each study. Another consideration to take into account is that this systematic review is based on the change in gait parameters, but it is important to also look at other outcome measures and approach this holistically (e.g. what is the influence of SEMLS on quality of life)
With regards to the gait analyses itself, 3DGA is seen as the gold standard, however, the gait data should be interpreted within the reliability of the gait measurement itself, and the subjective interpretation of the data might slightly vary between the different experts [3, 33, 34] . There is also a lack of description of 3DGA data collection protocols, as well as variability within the studies (Table 2) , which might influence the results of the studies. Future research should aim to reach a consensus on a general 3DGA model. The use of an overall gait pattern score, such as the Gait Deviation Index (GDI) [32] , and normalisation of temporal-distance parameters should be encouraged. In addition, alternative clinical statistics, such as Cohen effect sizes [35] and magnitude based inferences [22] , can potentially add additional values to these studies next to the traditional statistical methods.
Conclusion
This is the first systematic review article which provides an overview of the effectiveness of SEMLS interventions based on different 3DGA parameters in children with spastic CP. SEMLS interventions generally resulted in good improvement in most gait parameters, with the biggest improvements seen for knee ROM, knee flexion at IC and minimal knee flexion in stance phase, ankle dorsiflexion at IC, maximum dorsiflexion in stance and in swing phase, hip rotation and foot progression angles. However, based on the main focus of the SEMLS intervention (e.g. lever-arm dysfunction, gait pattern, multi-tendon lengthening interventions) and the patient's characteristics (e.g. age, CP diagnoses) changes in gait parameters might slightly vary. The current overview provides a framework for clinicians, researchers and parents, although individual factors and/or adaptations of SEMLS techniques need to be taken into account when interpreting the findings of this systematic review. In addition, future research should aim to have consensus on reporting 3DGA results, include outcome measures with a holistic approach and provide more specific information about the participants (psychological and social well-being), rehabilitation programs and costs involved.
